Abstract. The single-crystal growth, stoichiometry, and structure of Rb 1-x Fe 2-y Se 2-z S z crystals with substitution of Se by S are reported. The variation of the magnetic and thermodynamic parameters of samples was studied by differential-scanning calorimetry, magnetic susceptibility, conductivity, and specific heat. The experimental results are discussed within a T-z phase diagram, which includes vacancy-ordered and vacancy-disordered antiferromagnetic (AFM), superconducting (SC), and non-superconducting phases. The structural study revealed change in the local environment of the Fe tetrahedrons depending on substitution: a reduction of the Fe-Fe and Fe-Ch(chalcogen) bond lengths and a tendency for the six out of eight bond angles to approach values for a regular tetrahedron suggesting a reduction of structural distortions with substitution. With increasing substitution, a lowering of the superconducting transition temperature T c was observed; the percolation threshold for the SC state is located at the substitution z = 1.2. The SC state was found to coexist with the AFM state that persists in all samples independent of substitution. The temperature of the transition into the AFM state T N shows a monotonous decrease indicating a weakening of the AFM interactions with increasing substitution. The AFM phase exhibits an iron-vacancy-ordered structure below the structural transition at T s . The temperature T s shows a non-monotonous variation: a decrease with increasing z up to 1.3, followed by an increase for further increasing z. The suppression of the superconductivity with substitution is accompanied by a significant reduction of the density of states at the Fermi energy and a weakening of the electronic correlations in the studied system. PACS number(s): 74.70. Xa, 74.62.Bf, 74.25.Ha, 74.25.Bt 2
INTRODUCTION
In recent years, alkali-metal intercalated iron selenides A 1-x Fe 2-y Se 2 (with A = K, Rb, Cs) have attracted significant attention due to their unusual structural and electronic properties which are highly contrasting to other groups of Fe-based superconductors [1] [2] [3] . These materials show fascinating coexistence of insulating dominant phase A 0.8 Fe 1.6 Se 2 with iron-vacancy-ordered superstructure (known as 245 phase) and stripes of minority metallic iron-vacancy-free A 1-x Fe 2 Se 2 phase (122 phase), which is believed to become superconducting at low temperatures.
The insulating phase exhibits an antiferromagnetic (AFM) spin ordering with a Néel temperature T N above 500 K and a large local magnetic moment of 3.3 µ B per Fe ion arranged in clusters of four iron ions [4] . Despite numerous studies of intercalated Fe chalcogenides using various local and macroscopic techniques, the interrelation between the AFM and SC phases is far from being well understood (see Refs. 3,5 and references therein). The critical temperature of the transition into the superconducting (SC) state T c of the order of 28-33 K for all members of the family A 1-x Fe 2-y Se 2 [6] [7] [8] [9] [10] [11] [12] [13] [14] is quite close to T c of 37 K for bulk FeSe under high pressure [15, 16] . This significantly enhanced value of T c by external pressure compared to T c of 8 K for bulk FeSe at ambient pressure [17] suggests a connection of the SC parameters and local structural environment of Fe atoms thus indicating the importance of structural and electronic correlations for Fe chalcogenide superconductors. At the same time, the value of T c for A 1-x Fe 2-y Se 2 is considerably reduced compared to T c of 65-100 K reported recently for monolayers of FeSe [18, 19] . With respect to pressure effects, the chemical pressure induced by doping or substitution is well known as an effective way to tune T c of Fe-based superconductors. For instance, the substitution of Se by Te in FeSe allows to enhance the value of T c for FeSe 0.5 Te 0.5 up to 14 K [20, 21] . However, the Fe-Se-Te system does not allow continuous variation of T c by substitution.
Similarly, the critical temperature T c for all three A 1-x Fe 2-y Se 2 systems is only weakly dependent on variations of their composition within the existence range of superconductivity [5, 14] .
Moreover, the SC behavior in these materials is observed only in a narrow range of iron nonstoichiometry making it difficult to unravel the correlations between structural and electronic
properties. An attempt to overcome these problems was demonstrated by Lei et al. [22] who utilized anion substitution in K x Fe 2-y Se 2 . By replacement of S for Se, they were able to continuously tune the SC temperature up to a full suppression of superconductivity. The suppression of superconductivity was attributed to an increasing distortion of the Fe2-Se
The single crystal x-ray diffraction was performed at room temperature with an Xcalibur E diffractometer equipped with a CCD area detector and a graphite monochromator utilizing MoK α radiation. Samples for x-ray experiments were cut from large crystal pieces and protected with Paratone-N oil. Final unit cell dimensions were obtained and refined for the entire data set. After collection and integration, the data were corrected for Lorentz and polarization effects and for absorption by multi-scan empirical correction methods. The structures were refined by the full matrix least-squares method based on F 2 with anisotropic displacement parameters. All calculations were carried out by the programs SHELXL2014 [26, 27] . Mixed Se/S sites were refined in a similar way. In each position, the Se and S atoms were constrained to have identical coordinates and thermal parameters.
Differential scanning calorimetry (DSC) measurements were performed using a
PerkinElmer DSC-8500 system. The data were collected during temperature sweeps for heating and cooling with a rate of 5 K/min. The samples were encapsulated in standard Al crucibles.
During the experiments, Ar or He gases were used as protecting media. The heat flow was normalized to the mass of the samples.
Magnetic characterization was performed using a commercial SQUID magnetometer (MPMS-5, Quantum Design) for temperatures between 1.8 K and 700 K, in external magnetic fields up to 5 T.
The resistivity and specific heat were measured with a Physical Property Measurement System (PPMS, Quantum Design) in a temperature range from 1.8 to 300 K.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Preparation conditions and composition analysis of samples
The preparation conditions and regimes of the single crystals growth by the vertical Bridgman method were similar to those for the non-substituted Rb 1-x Fe 2-y Se 2-z S z [14] . As starting materials, polycrystalline binary compounds FeSe and FeS, preliminary synthesized from the high-purity elements: Fe (99.99%), Se(99.999%), and S (99.999%), and elemental Rb (99.75%)
were used. Handling of the reaction mixtures was performed in an argon box with a residual oxygen and water content less than 1 ppm. The starting materials were placed in double quartz ampoules, pumped to 10 -3 mbar, and then closed. The ampoules were heated to a soaking temperature of 1070 o C. The soaking time was 5 h. Then, the ampoules were pulled down in the temperature gradient of 300 o C with a rate of 3 mm/h. The composition of the starting mixtures for batches with different substitution levels is given in Table 1 .
The concentration of the elements in the studied samples was measured on freshly cleaved samples. The EPMA data are also given in However, a much higher Rb/Fe ratio (0.7/2) for stripes was revealed compared to that in the previous neutron diffraction study (0.6/2.2) [29] and nuclear magnetic resonance (0.3/2) [30] .
Since the WDS analysis is an absolute and accurate method of compositional determination, we assume that our result can be considered to be most reliable. It was further observed that for samples even with the lowest substitution z = 0.1, it was not possible to detect any stripe structure in the μm range (see Fig. 1SM of the Supplemental Material). At the same time, the presence of the AFM and metallic non-magnetic phases was detected in all samples by
Mössbauer experiments [31] indicating that the phase separation in the anion substituted crystals is realized on a significantly lower length scale. In addition to the initial structural model, the structural refinement of all samples was also performed within the generally accepted √5 × √5 × 1 cell, in the space group I4/m. This allows a direct comparison of the structural data for our Rb 1-x Fe 2-y Se 2-z S z system with the related data for K x Fe 2-y Se 2-z S z in [22] . The respective data are given in Table 2SM Table 3SM of Supplemental Material) shows a non-monotonous change with substitution, which probably has to be attributed to variations of the concentration of Rb in the samples, being particularly high for samples with substitution z = 1.1 (see Table 1 ). The reason of this variation of Rb concentration is unclear at the moment.
The local tetrahedral environment of Fe2 ion consists of three nearly equivalent Se2(S2) neighbors and of one Se1(S1) ion, while the local environment of Fe1 ion consists of four equivalent Se2(S2) ions as shown in Fig. 2 To get insight into the lattice distortions and their evolution with substitution, we analyzed the bond distances between the Fe ions, between the Fe ions and chalcogens (Ch = Se or S), as well as the bond angles in Fe2 and Fe1 tetrahedrons. A monotonous decrease of the bond distances Fe-Ch for both tetrahedrons was found (see Fig. 3 (a) and Table 4SM of the Supplemental Material), which is in agreement with that anticipated for the observed decrease of the unit cell parameters a and c with substitution ( Fig. 1 ). However, it was noticed that the rate of the decrease of all Fe-Ch distances is notably higher for substitution z above 1.2. For z ≤ 1.2, the bond distances in Fe2-Ch1 tetrahedron are larger than in Fe1-Ch2 tetrahedron, but, for z > 1.2, they become lower. At the same time, for z ≤ 1.2, the ratio of three nearly equivalent bond distances Fe2-Ch2 to distance Fe1-Ch2 changes slightly, whereas above z = 1.2, it starts to decrease essentially ( Fig. 3 (b) ). The Fe1-Fe2 distance and the inter-cluster Fe2-Fe2 distance show a much stronger decrease with the substitution than the intra-cluster Fe2-Fe2 distance ( Fig.   4 (a) ). The observed variations of the Fe-Fe distances with substitution are in good agreement with those reported for K x Fe 2-y Se 2-z S z [22] . It must be noted that the ratios of the Fe1-Fe2 distance to the inter-cluster distance Fe2-Fe2 and of the intra-cluster distance Fe2-Fe2 to the inter-cluster distance Fe2-Fe2 exhibit an opposite trend with substitution ( Fig. 4 (b) ) intercepting in the range close to z = 1.2. As will be shown below, the superconductivity in the samples vanishes just above z = 1.2. It is also worth mentioning that, with increasing substitution, the ratio of the intra-cluster to inter-cluster Fe2-Fe2 distances increases and approaches unity suggesting a more regular in-plane structural arrangement. Table 5SM of the Supplemental Material). This fact is in a clear contrast to that reported for the K x Fe 2-y Se 2-z S z system, where increasing distortions with S substitution were observed and were suggested to destroy the SC state [22] .
Looking for a possible optimization of the structural parameters, we have analyzed the variations of the anion height with substitution. Both anion heights of the Ch1 to the Fe2 plane and of the Ch2 to the Fe1-Fe2 plane were found to exhibit a continuous decrease with substitution as shown on the lower panel of Fig. 6 . This behavior is also in a strong contrast to that observed in K x Fe 2-y Se 2-z S z [22] . 
C. Differential scanning calorimetry
Figs. 7 (a-d) show the DSC results for several selected Rb 1-x Fe 2-y Se 2-z S z crystals with different substitution. The full set of the DSC data for the studied crystals is given in the Supplemental Material (see Figs. 4SM (a-h) ). The DSC signal corresponds to a difference in heat required to increase the sample temperature with respect to the reference (empty Al crucible).
For the non-substituted sample ( Fig. 7 (a) , z = 0) on increasing temperatures from 300 K to 600 K, three clear anomalies were recorded. The temperature positions of these anomalies were very close to those found for the as grown Rb x Fe 2-y Se 2 single crystals studied by the DSC technique in [29, 32] . The neutron diffraction studies, also performed in [29] , allowed assigning the anomaly in the DSC signal at the highest temperature T s to a structural transition of the dominant 245 Inspection of the observed anomalies in the DSC signal for our Rb 1-x Fe 2-y Se 2-z S z crystals reveals that the anomalies at T s and T p exhibit significant hysteresis (up to 10 K) on cooling and heating cycles indicating that they are related to the first-order structural transformations. The anomaly at T N shows the smallest hysteresis (2 K) as expected for the second-order magnetic transformation.
The structural anomaly at T p was found to exhibit a complex appearance. In samples with substitution z ≤ 1.0 this anomaly was discernible in the DSC signal as a small step or pronounced maximum on heating (see Figs. 7 (a) and (b) ). In the samples with the step-like anomaly at T p it was better evidenced as pronounced minimum on cooling. Even for samples from different batches but with the same substitution z = 1.0, the anomaly at T p showed a completely different appearance on heating, although the other two anomalies at T N and T s were quite similar both for heating and cooling cycles (see Fig. 7 (c) ). Such a distinct behavior of the anomaly at T p can be probably attributed to different distribution of the SC minority phase in the bulk which is affected by details of cooling process during the crystal growth and by the heat treatment during the DSC measurements. For the intermediate range of substitution 1.1 < z < 1.3, the anomaly at T p was hardly detectable (see Fig. 4SM (e) ). This can be understood as due to a reduction of amount of the minority SC phase that takes place within this range of substitution. 
emu/mol) Thus, our magnetic studies revealed that the percolation threshold for the appearance of superconductivity in Rb 1-x Fe 2-y Se 2-z S z crystals is placed between z = 1.2 and 1.3. It differs essentially from the K x Fe 2-y Se 2-z S z system where the SC state extends up to a substitution z = 1.6 [22] .
E. Resistivity
Figs. 12 and 13 show the temperature dependent resistivity of superconducting and nonsuperconducting samples, respectively. The resistivity for both types of samples exhibits nonmonotonic temperature dependence with semiconductor-like behavior at high temperatures, a broad maximum at a characteristic temperature T m on decreasing temperature followed by a (Fig. 6SM) . In zero field, the transition temperature of the substituted samples determined at the level of a 90% drop of the normal-state resistivity differs by 1 to 2 K from that of the onset temperature T c estimated from the susceptibility measurements. This indicates increasing inhomogeneity compared to pure Rb 0.8 Fe 1.6 Se 2 in which this difference does not exceed 0.1K [14] . When increasing the magnetic field, the resistivity curves are shifted to lower temperatures. and susceptibility measurements, respectively. 18.
F. Specific heat
An important problem for the calculation of C el is related to determination of the phonon, C lat , and magnetic, C m , contributions. In Ref. [14] it was found that an insulating sample 
The value of the Sommerfeld coefficient in the normal state γ n for superconducting samples was calculated from the temperature dependence of the electronic specific heat using the constraint of entropy conservation at the onset of T c , i.e.,
The values of γ n are also given in Table 3 . For non-substituted Rb 0.8 Fe 1.6 Se 2 , the values of γ n differ significantly for the samples from different batches and even from the same batch. To understand the reason of this variation, the specific heat data measured under applied magnetic fields, in which the phonon and magnetic contribution are expected to be identical to those for zero field [36] , were analyzed. In Fig. 19 , the difference in the C values measured in zero field and a field of 9 T vs. temperature is shown for several samples Rb 0.8 Fe 1.6 Se 2 . For all these samples, the  anomaly at around T c is quite sharp and its width does not exceed 4 K, being much lower than the shift of T c by the field of 9 T [14, 36] . Importantly, the amplitude of the anomaly at T c is very similar for different samples indicating that they exhibit close values of the electronic specific heat C el . This indicates that the procedure applied to estimate C el can create significant errors in calculation of the Sommerfeld coefficient γ n . Inspection of Fig. 19 reveals the following additional features in the heat-capacity data in zero field: a pronounced tail at temperatures above T c indicating fluctuating superconductivity and a step at temperatures between 20 and 27 K, which suggests the presence of additional density of states besides the percolating superconducting ones. It is worth mentioning that even in samples that do not show a superconducting ground state, a broad anomaly in the specific-heat difference C 0T -C 9T in the temperature range from 20 K to 40 K was observed. We assume that it can be related to nonpercolated SC states due to intrinsic inhomogeneities of the samples. Evidently, these features cannot be accounted for by the modelled lattice and magnetic contribution.
Under assumption that the values of C el for different samples with z = 0 are the same and in order to minimize the errors when subtracting phonon and magnon contributions, we averaged the experimentally determined specific heat data over seven measured samples. The calculated values of the parameters for the average data are given in problem, an independent method of evaluation of γ n is desired. Fig. 21 , which shows the difference in the experimental specific heat C measured in zero field and in a field of 9 T vs. temperature for Rb 1-x Fe 2-y Se 2-z S z samples with different substitutions. With increasing z from 0 to 1.0, a significant reduction, of the magnitude of the  anomaly in the total specific heat C at T c estimated from the difference C 0T -C 9T , by a factor of 6 occurs. A somewhat smaller reduction, by a factor of 3 to 4, was calculated from the respective change of γ n for these samples (see Table 3) . A more precise quantitative estimate of the reduction of the density of states with substitution seems to be difficult because of the uncertainty in calculating the electronic specific heat mentioned above and because of the poor statistics for samples with z > 0. It is important to mention here that the reduction of the density of states at the Fermi energy with substitution, derived from the specific heat data is in good agreement with the results of Ref. 24 , where it was found that with increasing substitution of S for Se, the orbital-selective Mott transition shifts to higher temperatures due to reduction of correlations in the d xy channel. We therefore attribute the observed suppression of T c in the (15) 19.5778 (7) 14.5787 (10) 19.4730(6) 14.4762 (7) 19.2864(6) 14.3516 (7) 19.2828(6) 14.3018 (9) 19.2481 (8) 14.3077 (9) 19.1242(10) 14.2389 (10) 19.0865 (7) 14.1521 (7) 18.9348 (8) 
G. Phase diagram and conclusions
